Regulation of energy homeostasis is a vital function of the CNS requiring adaptive responses to maintain and support life after stress perturbations. The mechanisms whereby these processes occur are, however, only partially understood. A major determinate of these responses is corticotropin-releasing factor (CRF). Receptors for CRF, CRFR1 and CRFR2, have been hypothesized to play distinct roles in the alterations necessary for homeostatic maintenance. The function of CRFR2, in particular, has remained elusive despite its presence in both the CNS and periphery. In this work, we have used complimentary gene deletion and pharmacological approaches to elucidate the crucial role CRFR2 plays in the regulation of regional tissue thermogenesis and adaptive physiology. Analyses of interscapular brown adipose tissue (IBAT) thermogenesis by thermal signature analysis and the concordant biochemical changes in key sympathetic components in mice deficient for CRFR2 revealed significantly elevated basal IBAT thermogenesis and prolonged adrenergic responsivity of IBAT in older mice. Measurement of metabolic rates by indirect calorimetry after chronic high-fat diet challenge and treatment with the CRFR1 antagonist NBI-27914 revealed a decreased respiratory exchange ratio of these mice that was normalized with NBI-27914. Further, as a definitive measure for physiological pathology, mice examined in a behavioral model of differential temperature selection showed a predilection for warmer external temperatures, supporting a loss of body heat in these mice. These studies provide physiological, biochemical, and behavioral evidence for the critical participation of CRF pathways in the maintenance and adaptive responses necessary for regulation of energy homeostasis. metabolic rate ͉ stress ͉ thermogenesis ͉ brown adipose tissue ͉ sympathetic nervous system R egulation of energy homeostasis is an important function of the central nervous system (CNS) requiring adaptive responses to maintain and support life. Many central factors influence this regulation and have been shown to be vital in habituation, thermogenesis, and metabolism. A major upstream determinate of these responses is corticotropin-releasing factor (CRF). CRF rapidly mobilizes the organism for responses to stressors and also stimulates the CNS to respond to environmental challenges.
R egulation of energy homeostasis is an important function of the central nervous system (CNS) requiring adaptive responses to maintain and support life. Many central factors influence this regulation and have been shown to be vital in habituation, thermogenesis, and metabolism. A major upstream determinate of these responses is corticotropin-releasing factor (CRF). CRF rapidly mobilizes the organism for responses to stressors and also stimulates the CNS to respond to environmental challenges.
CRF and its family ligands including urocortin1 (Ucn1), Ucn2 (stresscopin-related peptide), and Ucn3 (stresscopin) are key regulators in maintaining homeostasis and are likely important in the larger adaptive responses involved in allostasis. This family of neuropeptides has been shown to be important in the regulation of food intake (1-6), anxiety (7) (8) (9) (10) , and stress (11) (12) (13) (14) (15) (16) , as well as stimulation of sympathetic outflow (11, 17, 18) . Intracerebroventricular (i.c.v.) infusion of CRF elevates sympathetic outflow as measured by increased glucose (17, 19) , increased brown adipose tissue (BAT) thermogenesis (20) , increased uncoupling protein-1 in BAT (21) , elevated sympathetic nerve activity to BAT (22, 23) , increased catecholamines (11, 24) , and increased corticosterone (11, 25) . Additionally, i.c.v. infusion of Ucn1 or CRF increases whole body oxygen consumption and colonic temperature (26, 27) and direct infusion of UcnI into the paraventricular nucleus decreases the respiratory quotient (28) .
The CRF family of ligands function by means of activation of their two known receptors, CRFR1 and CRFR2 (29) (30) (31) (32) . CRF has a 10-fold higher affinity for CRFR1 than for CRFR2, whereas Ucn1 has equal affinity for both receptors. Ucn2 and Ucn3 are ligands with high specificity for CRFR2. The roles these receptors play in CNS functions have been deciphered through various pharmacological and genetic manipulations. CRFR1 has been shown to be the dominant receptor in activation of the hypothalamic-pituitary-adrenal axis in response to stress (33) as well as a key mediator of anxiety in the limbic system (7, (34) (35) (36) (37) (38) (39) (40) (41) (42) . Although the specific role of CRFR2 in these responses is less discernible, mice with a global deficiency in CRFR2 (knockout; KO) are hypersensitive to stress (43, 44) and demonstrate significant elevations in anxiogenic-like and depressive-like behaviors (43, 45) . We have previously shown that these mice also have increased amygdalar CRF expression (43, 44) . Therefore, a dysregulation of central CRF pathways in the absence of CRFR2 may produce the maladaptive stress responses detected in the KO mice.
In the examination of the roles for CRFR1 and CRFR2 in regulation of energy homeostasis, previous studies have suggested independent actions of CRFR2 on appetite, demonstrating that central application of the antagonist anti-sauvagine30 resulted in increased food intake (6) . However, no differences on metabolic indices have been specifically attributed to CRFR2. We have previously examined the responses of mice deficient for CRFR2 (KO) to a variety of homeostatic perturbations, including acute repeated cold stress, chronic high-fat diet, and glucose and insulin challenges (46) . During high-fat diet or repeated cold exposure, KO mice showed a reduction in body fat and feed efficiency compared with their wild-type (WT) littermates. On a chronic high-fat diet, these mice consumed significantly more calories than their littermates, despite maintaining similar body weights. Further, examination of basal fasted circulating glucose and insulin levels after high-fat diet exposure showed that these mice were resistant to diet-induced insulin insensitivity associated with increased body fat content found in their WT litter-mates. These KO mice do not display significant differences in food intake, body composition, or plasma lipids under basal conditions, but rather these changes are seen only after a homeostatic insult, suggesting that CRFR2 may function in a modulatory role during stress perturbations.
In this study to elucidate the crucial role CRFR2 plays in the regulation of regional tissue thermogenesis and adaptive physiology and the possible mechanistic underpinning by which the absence of CRFR2 results in altered energy homeostasis, we used complimentary gene deletion and pharmacological approaches to determine effects on interscapular BAT (IBAT) thermogenesis using thermal signature analysis (TSA) technology. In addition, biochemical changes in expression of key sympathetic components in young and older adult mice were examined. Metabolic rates were compared by indirect calorimetry in WT and KO mice following chronic high-fat diet challenge and treatment with the CRFR1 antagonist NBI-27914. As a definitive measure of physiological pathology related to potential effects of increased heat loss in mice with a dysregulation of CRF pathways, WT and KO mice were examined in a previously undescribed behavioral model of differential temperature selection. Results from these studies reveal the critical role of CRF pathways in the adaptive physiology necessary for maintenance of energy homeostasis.
Results

TSA.
To compare basal and ␤3-stimulated sympathetic activity in young and aged WT and CRFR2-deficient mice, IBAT temperatures were measured by using infrared thermography (Fig. 1A) . Vehicle-treated young CRFR2-deficient mice showed significantly higher basal IBAT temperatures than same-age WT mice (Fig. 1B) . After BRL-37344 treatment, young WT mice significantly increased IBAT temperature at 15, 30, and 45 min after injection. Young KO mice showed a smaller elevation in IBAT temperature in response to BRL that was not significantly different from KO vehicle (Fig. 1B) . No genotypic differences were found in core body temperatures as recorded with the rectal thermometer throughout the testing procedure (WT, 35.0 Ϯ 0.15°C; KO, 34.8 Ϯ 0.15°C).
Aged WT and KO mice showed similar basal IBAT temperatures (Fig. 1C) . Aged KO mice were responsive to BRL-37344 treatment with a significant increase in IBAT temperature 15, 30, and 45 min after treatment (Fig. 1C) . Aged WT mice failed to respond to the BRL treatment (Fig. 1C) .
Biochemistry. Biochemical analyses of potential signaling changes due to aging in sympathetic pathway activation of IBAT thermogenesis were performed by examination of tyrosine hydroxylase (TH), ␤3, and phosphorylated CREB (pCREB). There were no genotypic differences in IBAT TH expression ( Fig. 2 A  and B) . However, TH levels decreased with age in WT mice (young, 4.24 Ϯ 0.5 OD; aged, 2.29 Ϯ 0.1 OD; P Ͻ 0.05) but not in KO mice (young, 2.43 Ϯ 0.2 OD; aged, 2.22 Ϯ 0.3 OD). BAT ␤3 levels were not significantly different between young or aged WT and KO mice ( Fig. 2 C and D) . IBAT pCREB levels were significantly elevated in young KO mice compared with young WT levels (Fig. 2E) . No genotypic differences in IBAT pCREB expression were found in aged mice (Fig. 2F ).
Indirect Calorimetry. Oxygen consumption and CO 2 production were measured to compare basal metabolic rates by indirect calorimetry of WT and KO mice challenged with a high-fat diet and treated with a placebo or the CRFR1 antagonist, NBI-27914. KO placebo-treated mice showed elevated VO 2 and CO 2 compared with WT placebo-treated mice ( Fig. 3 A and B) . KO placebo-treated mice also had a reduced respiratory exchange ratio (RER) compared with WT placebo mice (Fig. 3C ). NBI-27914 treatment significantly increased the RER in KO mice but had no effect on WT RER (Fig. 3C ).
Temperature Preference. To determine whether the elevated heat loss found in the TSA studies was predictive of a differential temperature preference between genotypes, we compared time spent in either the room temperature (RT) side or the warm side of a differential temperature box. Examination of temperature preference for WT and KO mice showed a robust genotypic difference for side preference in this test. WT mice showed no preference for either side, spending equal time on both sides of the box, with a ratio of warm:RT time close to 1.0 (Fig. 4) . The KO mice preferred the warm side of the box, spending 3-fold more time on the warm side than the RT side (Fig. 4) .
Discussion
CRF receptors, CRFR1 and CRFR2, have been hypothesized to play distinct roles in the alterations necessary for homeostatic maintenance. However, the importance of the specific independent roles for these receptors and their coordinate regulatory actions in energy homeostasis has not been determined. The function of CRFR2, in particular, has remained elusive despite its presence in both the CNS and periphery. In this study, we used complimentary gene deletion and pharmacological approaches to examine the crucial role CRFR2 plays in the regulation of regional tissue thermogenesis and adaptive physiology. We have previously reported evidence related to the maladaptive responses of mice with a global deficiency in CRFR2 (KO) after stress perturbations that suggest elevated sympathetic nervous system (SNS) activity and metabolism in the absence of CRFR2 that may result from unimpeded CRFR1 activity (46) .
Comparison of basal IBAT temperatures between young and older adult WT and KO mice revealed significant alterations in basal thermogenesis in the absence of CRFR2. In young mice, KO basal IBAT temperatures were significantly higher than WT mice. Basal KO IBAT temperatures were equivalent to adrenergic-stimulated thermogenesis in WT mice, supporting our hypothesis that KO mice may have increased SNS outflow. Although WT mice responded with a significant increase in IBAT stimulation in response to the ␤3 agonist BRL, KO mice showed little augmentation. These results suggest that basal IBAT adrenergic activity was already maximal before BRL treatment in mice deficient in CRFR2.
In older rodents, thermoregulation is impaired with minimal IBAT responses to ␤3 stimulation (47) (48) (49) (50) (51) . Accordingly, no increase in IBAT temperature after BRL treatment was detected in older WT mice. However, older KO mice continued to show a significant thermogenic response in IBAT temperatures after BRL treatment. Interestingly, basal IBAT temperatures were not different between genotypes in older mice, suggesting that the basal elevated SNS outflow detected in young KO mice may be diminished with age. However, because the older KO mice continue to respond to BRL stimulation unlike older WT mice, the SNS pathway may remain sensitive in the absence of CRFR2.
To examine potential mechanistic causes of increased basal thermogenesis in young KO mice and the retention of ␤3 responsivity in aged KO mice, biochemical analyses compared expression of upstream and downstream catecholaminergic pathway signaling molecules (51) (52) (53) . Although no differences were found in basal TH expression between genotypes in young mice, WT mice showed a significant reduction in TH with aging. No change in TH was found between young and old KO mice. This reduction in TH in older WT mice may account for the altered ␤3 responsiveness. However, examination of IBAT ␤3 expression showed no genotypic or aging effects in these mice. Because ␤3 levels were not different between WT and KO mice or between young WT and old WT mice, failure to respond to exogenous BRL treatment suggests a possible downstream alteration in ␤3 signaling. Therefore, because ␤3 is coupled to activation of adenylyl cyclase (AC) leading to increased cAMPdependent protein kinase (PKA) activity and levels of pCREB, we compared basal (nonstimulated) pCREB expression in IBAT from young and aged WT and KO mice (54) . Supportive of the increased basal IBAT temperatures found in young KO mice, we detected significantly increased pCREB levels in these mice compared with WT levels. No aging differences were found for either genotype, suggesting that although basal IBAT temperatures were no longer elevated in aged KO mice, SNS activity may remain higher in these mice. Previous studies have reported a 50% reduction in ␤3-stimulated AC activity with age (51). Although we did not examine AC activity in WT and KO mice, our results showing no thermogenic response to BRL treatment in the aged WT mice, but no change in ␤3 expression levels, support a likely reduction in downstream signaling that may involve AC.
To determine whether the alterations in energy homeostasis influenced metabolic rates in the KO mice, we used indirect calorimetry to measure energy expenditure following 4 weeks of a high-fat diet challenge. In addition, to mechanistically examine our hypothesis that the alterations in energy homeostasis in KO mice were due to elevated CRFR1 activity in the absence of CRFR2, we compared outcomes after treatment of WT and KO mice with s.c. pellets of the small-molecule CRFR1 antagonist NBI-27914. Results found that KO mice with placebo pellets had a reduced RER compared with placebo-treated WT mice, indicating a reduction in carbohydrate oxidation and a subsequent increase in fatty acid oxidation as fractions of the total energy used in the KO mice (55) . Supportive of our hypothesis, KO mice treated with NBI-27914 pellets showed a significant increase in RER, suggesting that elevated CRFR1 activity in the absence of CRFR2 results in an increased metabolic rate possibly because of greatly unimpeded sympathetic outflow (56, 57) . Further, treatment with NBI-27914 had no effect on any of these metabolic parameters in WT mice, supporting that our low dose of NBI-27914 at 5 mg͞kg per day dampening elevated CRFR1 activity while not affecting normal basal activity.
Because our results demonstrated an increase in heat production by means of infrared thermography and a reduced RER in mice deficient in CRFR2, a behavioral model of differential temperature selection was developed to measure for physiological pathology in these mice. In the differential temperature box, WT mice had no preference for the warm or RT side, showing a near 1.0 ratio for time in either room. However, the KO mice displayed a significant preference for the warm side, spending 3-fold as much time as on the RT side. Because core body temperatures were not different between WT and KO mice, these results suggest that through increased IBAT thermogenesis, KO mice lose enough heat, perhaps cutaneous in nature, to distinctly select a warmer environment. This evidence is supportive of our hypothesis that in the absence of CRFR2, increased thermogenesis ensues, possibly by means of elevated CRFR1 activity (17, 19) .
In summary, results from these studies demonstrate a robust increase in basal IBAT thermogenesis and a reduction in RER in mice deficient in CRFR2. The reduced RER in KO mice was reversed with CRFR1 antagonist treatment. Biochemical analyses were also supportive of increased basal SNS outflow to IBAT showing increased expression of the downstream signaling target, pCREB, in the KO mice. Although TH expression diminished with aging in WT mice, no reduction was found in KO mice. The increased thermogenesis and heat production detected in KO mice resulted in a significant behavioral preference for a warmer environment. These studies support a potential role for CRFR2 in modulation of CRFR1, ultimately important in the maintenance of central stress pathways vital for regulation of energy homeostasis and adaptive responses to environmental perturbations.
Materials and Methods
TSA. Male CRFR2-deficient and WT mice at 3 mo and 1 yr of age were transported from The Salk Institute to the University of Washington 1 week before study start. Twenty-four hours before testing, mice were anesthetized with isoflurane, and their back and interscapular regions were shaved. On the test day, mice received a 1 mg͞kg i.p. injection of the ␤3 agonist, BRL-37344, or saline 30 min before recording (n ϭ 6). The mice were placed in a manifold with nose ports for continual delivery of isoflurane. Body temperatures were continuously recorded from rectal probes. To maintain body core temperature during scanning, the rodents were placed on a tightly regulated heating platform (35 Ϯ 0.1°C). The heating platform was housed in an isothermal, nonreflective chamber (24 Ϯ 0.1°C; 50% relative humidity). Upon closure of the chamber door, heat emissions from the areas of interest were acquired by using a high-resolution InSb IR scanning detector (AGEMA Thermovision 900, Thermogenic Imaging, Billerica, MA) mounted 30 cm above the area of interest. Images were recorded at 1-min intervals for 5 min. A frame-averaging rate of 16 frames per second was used for each designated time point. The images were evaluated by using IMAGE-IR ANIMAL CORRAL software (Seahorse Bioscience, North Billerica, MA). Data were analyzed by a two-way ANOVA Fig. 4 . KO mice show a significant temperature preference for a warm environment. WT and KO mice were examined for time spent on each side of a temperature preference box. KO mice spent 3-fold the time on the warm compared with the RT side of the box. WT mice showed no difference in time spent on either warm or RT side (overall side ratio ϭ 0.98). Data are mean Ϯ SEM; ** , P Ͻ 0.01.
test for genotype and treatment with correction for repeated measures.
Biochemical Analyses. To compare protein levels between young and aged WT and CRFR2-deficient mice, IBAT was removed from young adult (3-4 mo) and older adults (12-18 mo) under basal conditions. Tissues were homogenized, separated, and transferred to a nitrocellulose membrane as described in ref. 58 . Blots were blocked overnight in 5% nonfat dry milk (Bio-Rad), incubated with primary antibody for 1 h, washed in 1ϫ Trisbuffered saline plus 0.2% Tween-20 (TBST) five times for 5 min each, incubated with secondary antibody for 1 h, and washed in TBST five times for 5 min each. Blots were visualized with enhanced chemiluminescence reagent (Pierce). The following primary antibodies were used: ␤3 receptor at 1:200 (Santa Cruz Biotechnology), TH at 1:1,000 (Pel-Freez Biologicals, Rogers, AR), pCREB (Ser-133) at 1:500 (Cell Signaling Technology, Beverly, MA), CREB at 1:1,000 (Santa Cruz Biotechnology), and ␤-actin at 1:1,000 (Sigma-Aldrich). ␤3, TH, and CREB levels were normalized to ␤-actin. pCREB was normalized to total CREB. Statistical analyses were performed for within gel genotypic and age comparisons by using Student's t test.
Indirect Calorimetry. To examine potential differences in metabolic rates between genotypes, we challenged WT and KO male mice with a chronic high-fat diet (45% fat by calories; diet no. D12451, Research Diets, Inc., New Brunswick, NJ) and measured their RER by indirect calorimetry after s.c. pellet implantation with either a placebo or a pellet releasing 10 mg͞kg per day of the CRFR1 antagonist, NBI-27914 (a generous gift from Neurocrine Biosciences, San Diego). Male WT (n ϭ 8) and KO (n ϭ 7) mice were singly housed and placed on the high-fat diet for 4 weeks. At the end of the 4 weeks, mice were anesthetized and s.c. implanted with a placebo or NBI-27914 drug pellet. Drug pellets were designed to release 5.0 mg͞kg per day (Innovative Research of America). After implantation, mice continued on a high-fat diet for 3 weeks. Mice then were transported to the Penn Diabetes Center Mouse Phenotyping, Physiology and Metabolism Core for analysis in the Oxymax Deluxe metabolic chambers (Columbus Instruments, Columbus, OH). After 1 h of habituation time, mice were tested for 3 h for oxygen consumption and carbon dioxide release (ml͞kg per hr) and RER (VCO 2 ͞VO 2 ). All data were analyzed by two-way ANOVA for genotype and treatment.
Temperature Preference. To compare genotypic preferences for a warm environment, 3-mo-old WT and KO male mice (WT, n ϭ 9; KO, n ϭ 6) were tested in a differential temperature box where the floor of one side was RT and the floor of the warm side was 33°C. The Plexiglas box was designed to have two identical chambers of equal size (each side 14 ϫ 19 ϫ 17 cm) with an adjoining door to allow free movement between sides (4 ϫ 4 cm). An amphibian terrarium heater (Repti Therm UTH, Zoo Med Laboratories, San Luis Obispo, CA) was glued to the bottom of one side. Black shelf paper was glued to the bottom of the RT side to make the two sides visually indistinguishable. In a pretest, mice were allowed to habituate to the box for 5 min with the heater off such that both sides were RT to ensure no initial side preferences. The following day, mice were placed back in the box with the heater turned on, and the time spent on both sides was monitored. The orientation of the box in the testing room was randomized for each mouse to avoid potential bias for room odors or shadows. The investigator was blinded as to the identity and genotype during testing and analyses. Statistical analysis was performed comparing genotypes for time spent on the warm side by Student's t test.
